We evaluated the effects of the intake of various dietary fibers on the fecal excretion of dioxins in rats. The rats were fed five types of dietary fiber diets, including a chitosan diet and control diet, for 20 d and then dioxins (120 ng/rat) were orally administered on day 15. The excretion of fecal dioxins was significantly higher in the chitosan group than in the control group, and dioxin excretion was positively correlated with fecal fat excretion. A comparison of the different types of chitosan showed that the efficacy of chitosan for fecal fat excretion was partly related to its viscosity. The chitosan intake promoted fecal dioxin excretion when the rats were exposed to highly toxic dioxins, and this excretion of fecal dioxins was related to the fecal fat excretion, suggesting that chitosan might be useful for reducing the adverse effects caused by lipophilic xenobiotics.
Many environmentally harmful substances, including endocrine-disrupting chemicals (EDCs), adversely affect living beings. EDCs include chemicals that are known for their high accumulation in living organisms such as dioxins, polychlorinated biphenyls, dichlorodiphenyltrichloroethane, and other pesticides, as well as chemicals that can potentially be absorbed by living organisms, including bisphenol A (BPA), nonylphenol, and phthalate esters. Dioxins are a class of structurally and chemically related polyhalogenated aromatic hydrocarbons that mainly include polychlorinated dibenzo-pdioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and dioxin-like polychlorinated biphenyls (PCBs; coplanar polychlorinated biphenyls, Co-PCBs), which are principally present from anthropogenic sources. 1) Dioxins are generally known to be highly toxic. In addition, dioxin exposure has been reported to be associated with the incidence of such lifestyle-related diseases as diabetes mellitus; [2] [3] [4] there is hence continuing interest in the potential influence of dioxins on human health. The tolerable daily intake (TDI) of dioxins is 4 pg of toxicity equivalence quantity (TEQ)/ kg of body weight (BW)/d, the daily intake of dioxins from regular meals in Japan being reported to be 1.52 pg of TEQ/kg of BW/d in 2002. 5) Although this value is lower than the TDI value, the total PCDD/PCDF and dioxin-like PCB daily intake for an infant during the first 2 months of life has been estimated to be in the range of 14.4 to 230 pg of TEQ/kg of BW/d, with a median value of 58.9 pg of TEQ/kg of BW/d. 6) While maternal feeding is advantageous and recommended for infants, dioxins, which can be passed through breast milk, pose a potential threat to infants. Furthermore, more than 90% of humans are exposed to dioxins through food intake, 4, 5) so that the exploration of methods to reduce the risk of dioxin exposure through food intake is essential. A number of studies have already assessed the effects of dietary components on lipophilic EDC exposure. Morita et al. have reported that a rice-bran fiber and cholestyramine intake resulted in a decreased PCDF level in the small intestine of rats. 7) Aozasa et al. have reported that dietary fiber, which was effective in binding dioxin isomers in vitro, enhanced the fecal excretion of hexachlorodibenzo-p-dioxin in mice. 8) Their modes of absorption and excretion after a dietary intake, which had stimulatory effects on the fecal excretion of EDCs, are not completely understood, although it has been suggested that the adsorption of dioxins to dietary fiber is one of the mechanisms.
Chitosan (CH), which is an aminopolysaccharide, is derived from chitin and found in the exoskeleton of arthropods. Although it is not derived from plants, CH is considered to be a dietary fiber because it is indigestible by human digestive enzymes. Several studies have evaluated the effects of CH on fat and cholesterol metabolism, [9] [10] [11] [12] [13] [14] the inhibition of fat-soluble toxicant absorption, 15) and the excretion of BPA and di(2-ethylhexyl) phthalate (DEHP). 16) We have also reported that a CH intake enhanced the fecal excretion of fat, dioxins, and anthropogenic PCBs in humans. 17) However, it is unclear if a CH intake can promote the excretion of fecal dioxins when the body is exposed to a large amount of high toxic equivalency factor (TEF) dioxins due to the stimulatory effects of the CH intake on the fecal excretion of dioxins and PCBs. We therefore evaluated the effects of an intake of various dietary fibers, including CH, on the fecal excretion of such high-TEF dioxins as 1,2,3,7,8-pentachlorodibenzoy To whom correspondence should be addressed. Tel: +81-77-521-8835; Fax: +81-77-525-1135; E-mail: Kohda.Noriyuki@otsuka.jp Abbreviations: BPA, bisphenol A; BW, body weight; CA, carob fiber; CH, chitosan; CO, corn fiber; CON, control; Co-PCBs, coplanar polychlorinated biphenyls; DEHP, di(2-ethylhexyl) phthalate; ECDs, endocrine-disrupting chemicals; GG, guar gum; HR-GC, high-resolution gas chromatography; HR-MS, high-resolution mass spectrometry; PCB, polychlorinated biphenyl; PCDDs, polychlorinated dibenzo-p-dioxins; PCDFs, polychlorinated dibenzofurans; PeCB, pentachlorobiphenyl; PeCDD, pentachlorodibenzo-p-dioxin; PeCDF, pentachlorodibenzofuran; SE, standard error; TDI, tolerable daily intake; TEF, toxic equivalency factor; TEQ, toxicity equivalence quantity; WB, wheat bran p-dioxin (PeCDD), 2,3,4,7,8-pentachlorodibenzofuran (PeCDF), and 3,3 0 ,4,4 0 ,5-pentachlorobiphenyl (PeCB) which were orally administered in a single high dose to rats. We also compared the stimulatory effects of different types of CH on fecal fat excretion in order to determine if fecal fat excretion could affect the fecal excretion of lipophilic EDCs.
Materials and Methods
Animals and diets. Study 1: Eighteen 4-week-old male SpragueDawley rats were purchased from Clea Japan (Tokyo, Japan). After 7 d of quarantine, the rats were assigned to the following six groups by random sampling and stratified on the basis of BW: (i) the control (CON) group, (ii) the CH group, (iii) the guar gum (GG) group, (iv) the wheat bran (WB) group, (v) the corn fiber (CO) group, and (vi) the carob fiber (CA) group (n ¼ 3 for each group). The rats were individually housed in metal cages at a temperature of 23 AE 2 C and a humidity of 50 AE 20% under a light-dark cycle (light period, 7:00-19:00; dark period, 19:00-7:00). During the 7 d of quarantine, the rats were provided ad libitum with a purified diet (AIN-93G). Table 1 shows the composition of the diet. CH (100 mPaÁs viscosity, 90.0% deacetylation rate; Kimitsu Chitosan Grade-S, Kimitsu Chemical Industries Co., Tokyo, Japan), GG (Bistop D-20; San-Ei Gen F.F.I., Osaka, Japan), WB (wheat bran P; Nisshin Seifun Group, Tokyo, Japan), CO (Cellfer #200; Nihon Shokuhin Kako Co., Tokyo, Japan), and CA (Caromax; Nutrinova Japan, Tokyo, Japan) were used as dietary fiber. The CON group, CH group, GG group, WB group, CO group, and CA group were respectively given free access to the CON diet (AIN-93G) or to a diet containing 5% CH, 5% GG, 5% WB, 5% CO, or 5% CA. The rats were transferred to stainless-steel metabolic cages after random assignment to each group, and given free access to each diet for 20 d. The rats were orally administered at 9:00 on day 15 with a single dose of a dioxin (1,2,3,7,8-PeCDD, 2,3,4,7,8-PeCDF, or 3,3 0 ,4,4 0 ,5-PeCB) solution (95% ethanol:Tween80:saline, 1:10:89) that was dissolved and mixed with 40 ng of each dioxin congener/mL/rat). BW and the diet consumption were measured daily at the time of feeding. Fecal samples were collected, and the fecal wet weight was measured daily at 9:00 just after dioxin administration on days 15 to 20. The fecal samples were freeze dried for 3 d, after which the fecal dry weight was measured, and the fecal dioxins and fat levels of ground feces were analyzed.
Study 2: Thirty-two 4-week-old male Sprague-Dawley rats were purchased from Clea Japan. After 7 d of quarantine, the rats were assigned to the following four groups by random sampling and stratified on the basis of BW: (i) the CON diet (AIN-93G) group, (ii) the 5% CH diet (N104; 104 mPaÁs viscosity, 90.0% deacetylation rate; Nippon Kayaku Food Techno Co., Takasaki, Japan) group, (iii) the 5% CH diet (K105; 105 mPaÁs viscosity, 89.1% deacetylation rate; Koyo Chemical Industries Co., Osaka, Japan) group, and (iv) the 5% CH (K50; 50 mPaÁs viscosity, 88.0% deacetylation rate; Koyo Chemical Industries Co.) group (n ¼ 8 for each group). The quarantine, random assignment, and measurement of BW, diet consumption, fecal weight, and fecal fat levels were conducted in the same way as that specified for Study 1. The rats were given free access to each diet for 14 d, and fecal samples were collected from day 1 to day 14.
All animal procedures were approved by the Ethics Committee for Animal Experiments at Otsuka Pharmaceuticals Co., Ltd.
Fecal excretion of dioxins and fat. The fecal samples were analyzed by high-resolution gas chromatography/high-resolution mass spectrometry (HR-GC/HR-MS; HP6890 series, Hewlett-Packard, Palo Alto, CA, USA; and AutoSpec Ultima, Micromass UK, Manchester, England) using an HT-8 column (50 m Â 0:22 mm internal diameter, 0.25-mm film thickness; SGE Analytical Science, Melbourne, Australia) for dioxins at the Dioxin In Vivo Analysis Section, EDC Analysis Center, Otsuka Life Science Initiative, Otsuka Pharmaceutical Co., Ltd., by the methods of the Ministry of Health and Welfare of Japan for extraction and the Japanese Industrial Standards Committee for purification and measurement. 18, 19) The fecal excretion of dioxins in 5 d (ng/5 d) was calculated by multiplying the fecal concentration of dioxins (ng/g) by the fecal weight in 5 d (g/5 d). Fecal fats were analyzed by the Folch method.
20)
Tissue weights of the liver, perinephric fat, and epididymal fat. The liver, perinephric fat tissue, and epididymal fat tissue were isolated and weighed on day 20 in study 1, while the liver and epididymal fat tissue were isolated and weighed on day 14 in study 2.
Statistical analyses. The results are shown as the mean AE standard error (SE). SAS Release 8.1 (SAS Institute Japan Ltd., Tokyo, Japan) was used for the statistical analysis. A one-way analysis of variance followed by Dunnett's test was performed to compare the CON group with each dietary fiber group. Correlations between the fecal dioxin excretion and fecal fat excretion were analyzed by the Spearman rank method. The level of significance was set at p ¼ 0:05.
Results
BW gain, food intake, and food efficiency (study 1) The BW gain, food intake, and food efficiency are shown in Table 2 . There were no significant differences in these factors between the CON group and each dietary fiber group.
Fecal weight and fecal fat excretion (study 1)
The data for fecal weight and fecal fat excretion are shown in Table 3 . Fecal weight was significantly higher in the CH group than in the CON group. Table 3 shows that only the CH group had a fecal fat excretion level that was significantly higher than that in the CON group (p < 0:01).
Fecal excretion rates of dioxins and correlation with the fecal fat excretion (study 1) Figure 1 shows the fecal excretion rates of dioxins. The respective fecal excretion rates of PeCDD, PeCDF, PeCB, and total dioxins were only significantly higher in the CH group than in the CON group (CON: 0:6 AE 0:2%, CH: 13:0 AE 2:2%, p < 0:01; CON: 0:5 AE 0:2%, CH: 14:2 AE 1:5%, p < 0:01; CON: 0:5 AE 0:1%, CH: 32:1 AE 3:9%, p < 0:01; and CON: 0:5 AE 0:2%, CH: 19:8 AE 2:5%, p < 0:01). The correlations between the 
BHT, butylated hydroxytoluene fecal excretion of PeCDD, PeCDF, PeCB and total dioxins, the and fecal fat excretion are shown in Fig. 2 . The fecal fat excretion was highest in the groups fed with CH, those groups also showing a high excretion rate of dioxins. In addition, significantly positive correlations were apparent between the fecal excretion of dioxins and fat (PeCDD, r ¼ 0:86113, p < 0:01; PeCDF, r ¼ 0:86835, p < 0:01; PeCB, r ¼ 0:82705, p < 0:01; total dioxins, r ¼ 0:86319, p < 0:01).
Weights of liver, perinephric fat tissue, and epididymal fat tissue (study 1)
The tissue weights are shown in Table 3 . The weights of the liver, perinephric fat tissue, and epididymal fat tissue were not significantly different between the CON group and each dietary fiber group. BW gain, food intake, food efficiency, and weights of feces, fecal fat, liver and epididymal fat (study 2)
The BW gain, food intake, and food efficiency are shown in Table 4 . There were significant differences in these parameters between the CON group and each CH group. All CH intake groups showed significantly lower values for body weight gain, food intake, and food efficiency when compared to the CON group. The weights of feces, fecal fat, liver and epididymal fat are also shown in Table 4 . During the first and second weeks, the fecal wet weight, fecal dry weight, and fecal fat excretion were significantly higher in each CH group than in the CON group, except for the fecal dry weight of the K50 group in the second week. The weights of the liver and epididymal fat were also significantly lower in all CH groups than in the CON group. The rats were fed the control diet or a diet containing 5% each dietary fiber during the experimental period. They were administered with a dioxin solution (1,2,3,7,8-PeCDD, 2,3,4,7,8-PeCDF and 3,3 0 ,4,4 0 ,5-PeCB, 40 ng of each dioxin congener/mL/rat) on day 15. Feces were collected for 5 d after the dioxin administration. Each value is presented as the mean AE SE (n ¼ 3). Significant difference vs. control group was determined by Dunnett's test, ÃÃ p < 0:01. CON, control; CH, chitosan; GG, guar gum; WB, wheat bran; CO, corn fiber; CA, carob fiber.
Discussion
There are many lipophilic EDCs such as dioxins in the environment. We are regularly exposed to them through foods, ambient air, water, and soil, although the amount of exposure and the severity of the health hazards are low in most situations. However, there remains the danger of accidental exposure to a high level of lipophilic EDCs, and it is possible that the amount of exposure to lipophilic EDCs can be influenced by the lifestyle and place of living. 21) Determining ways to promote the excretion of lipophilic EDCs is therefore of the same importance as reducing the exposure. We have previously shown that a CH intake significantly promoted the fecal excretion of such lipophilic EDCs as BPA, DEHP and dioxins, and that the excretion of fecal lipophilic EDCs was significantly and positively correlated with the fecal fat excretion in rats and healthy men. 16, 17) On the other hand, Aozasa et al. have reported that a CH intake promoted fecal dioxin excretion in mice 22) with exposure to a single, and not multiple, dioxin congener. We therefore aimed to confirm the effects of the intake of various dietary fibers on the excretion of fecal dioxins in rats that were exposed to multiple congeners and to evaluate the stimulatory effects of the intake of different types of CH on the fecal fat excretion; it was considered that fecal fat excretion might have an important link with fecal dioxin excretion. We used these congeners to represent those that provide easy exposure and that are highly toxic, because 1, 2, 3, 7, 2, 3, 4, 7, 3 0 ,4,4 0 ,5-PeCB are the most ingested in Japanese people, 23) and are respectively the highest TEF dioxin congeners as PCDDs, PCDFs and Co-PCBs.
A CH intake in the present study promoted the fecal excretion of each congener of dioxin, and there was a significantly positive correlation between the fecal excretion of dioxins and fat in study 1. Moreover, there was a significantly positive correlation between the fecal excretion of total dioxins and fat. The CH intake hence promoted the excretion of fecal dioxins together with increased excretion of fecal fat, even when exposed to multiple and highly toxic dioxin congeners, this being similar to the findings of our previous reports. CH, chlorophyllin, GG, rice-bran fiber, cholestyramine, olestra, nori (Porphyra yezoensis), brown rice fermented with Aspergillus oryzae (FBRA) and others have been described as dietary ingredients that can promote fecal dioxin excretion. 7, 8, 22, [24] [25] [26] The mechanisms for their efficacy have been mainly speculated to involve binding of the dioxin itself or adsorbing of the fat-enclosing dioxin. We have previously shown that fecal dioxin excretion was positively correlated with fecal fat excretion in healthy men. 17) Moreover, the fecal excretion of BPA and DEHP were positively correlated with the fecal fat excretion. 16 ) CH might therefore have promoted the fecal excretion of lipophilic substances, even though it is hard for them to be adsorbed to CH and it is more effective for the substance to be adsorbed by CH. Aozasa et al. have reported that a GG intake significantly promoted the fecal excretion of fat and hexachlorodibenzo-p-dioxin in mice, 8) although we did not find any stimulatory effect of a GG intake on fecal dioxin excretion. This different result might have been related to the promotive effect of fecal fat excretion by GG intake being at a very low level in our study. The physicochemical characteristics of GG might have affected its stimulatory effects on fecal fat excretion in the same way as CH, as was observed in study 2.
We compared in study 2 the fecal fat excretion after the intake of different types of CH and confirmed that CH with a high viscosity promoted fecal fat excretion, as has been reported by Deuchi et al. 27) However, the K105 group showed more potent fecal fat excretion in the early phase (first week) than the N104 group, even though their viscosity and deacetylation rates were in the same range in this study. The physicochemical characteristics of CH, other than viscosity and deacetylation, might have had an effect on the fecal fat excretion. Further studies are needed to confirm that the physicochemical characteristics can affect the fecal fat excretion by comparing different types of CH with the same levels of viscosity and deacetylation rate.
In conclusion, we found that a CH intake significantly increased the excretion of fecal dioxins, and that this excretion was significantly and positively correlated with the fecal fat excretion. The stimulatory effects of CH on fecal fat excretion might have partly depended on the viscosity, while other physical characteristics other than viscosity and the deacetylation rate might have had an effect on the timing of starting to exert its effect. Further studies are needed to clarify which characteristics of CH have high efficacy on the fecal excretion of fat and lipophilic EDCs in the early stages in order to determine a way to discharge lipophilic EDCs to the outside of the body as quickly as possible when we are exposed to a highly toxic level.
